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Abstract:  
Impervious surfaces in an urban catchment are the primary stormwater pollutant contributing areas. 
Appropriate treatment of stormwater runoff from these impervious surfaces is essential to safeguard the 
urban water environment. While urban roads have received significant research attention in this regard, 
roofs have not been well investigated. Key pollutant processes such as build-up on roads and roofs can 
be different due to the different surface characteristics. This entails different treatment strategies being 
needed for road and roofs. The research study characterized roof pollutants build-up by differentiating 
with road surfaces. It was noted that pollutants are more highly concentrated on particles and 
particularly finer particles in the case of roof surfaces, compared to road surfaces. Additionally, 
pollutants built-up on roof surfaces tend to be relatively more variable from one day to another in terms 
of pollutant loads. These results highlight the significance of roofs as a stormwater pollutant source and 
the important need for a specific stormwater treatment strategy rather than the application of a 
combined approach for treating stormwater runoff from both, roads and roofs.   
 
Abbreviation list 
ADT                 Average daily traffic volumes 
TS                     Total solids 
TOC                 Total organic carbon 
TN                    Total nitrogen 
TP                     Total phosphorus 
PROMETHEE Preference Ranking Organization Method for Enrichment Evaluation 
GAIA               Geometrical Analysis for Interactive Aid 
PC                    Principal Component 
CV                   Coefficient of variation 
QA-QC            Quality assurance-Quality control 
 
Keywords: Pollutants build-up, PROMETHEE and GAIA, Stormwater pollutant processes, 
Stormwater quality, Stormwater treatment design 
 
 
1. Introduction 
Urban impervious surfaces such as roads and roofs are commonly seen as the primary stormwater 
pollutant source areas [1]. These areas accumulate pollutants generated by various anthropogenic 
activities and natural processes during the dry period and export these pollutants with stormwater 
runoff [2, 3]. Therefore, appropriately treating stormwater runoff from these impervious surfaces is 
essential for protecting urban water environments [4]. While roads have received significant research 
attention in relation to the degradation of urban stormwater quality, roofs have not received the same 
level of attention in the context of a typical urban environment. However, as noted by Egodawatta et al. 
[5], roofs account for a significant percentage of urban impervious surface area and commonly the roof 
surface area fraction is higher than the road surface area fraction. This underlines the significance of 
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the roof surface area from the perspective of urban stormwater quality.  
 
In relation to stormwater quality, pollutants build-up which refers to pollutant accumulation on 
catchment surfaces during the dry period is among the most important pollutant processes [6]. Build-up 
provides the initial pollutant availability for pollutant wash-off by stormwater runoff and exerts an 
important influence on pollutant species and loads present in stormwater runoff [7]. It is hypothesized 
that the pollutants build-up characteristics on roads and roofs are different due to the differences in 
surface characteristics such as roughness, slope and pollutant sources. For example, Egodawatta et al. 
[5] found that there were no significant changes in the particle size distribution in the case of roof 
surfaces as the antecedent dry days increased. In the case of road surfaces, Egodawatta and 
Goonetilleke [8] found that the percentage of large particles significantly increases with the antecedent 
dry days.  
 
The difference in pollutants build-up characteristics between roads and roofs highlights the fact that 
stormwater design adopted for urban roads may not necessarily be appropriate to treat roof runoff. 
Therefore, the development of a suitable strategy for the treatment of roof runoff is an important 
research need. In order to formulate a robust strategy, it is essential to have an in-depth understanding 
of pollutants build-up characteristics on roof surfaces and the notable differences with road surfaces.   
Accordingly, this research study investigated pollutants build-up characteristics on roof surfaces and 
undertook a comparison with road surfaces. This enabled differentiating between the specific 
characteristics of pollutants build-up on roads and roofs, in order to highlight the importance of roofs as 
a stormwater pollutant source area and in turn provide important insights for roof stormwater treatment 
design. 
 
2. Materials and methods  
2.1 Road surface investigation 
Five asphalt paved road surfaces were selected from Gold Coast, South East Queensland, Australia, 
encompassing typical urban land uses, namely, residential, industrial and commercial. Average daily 
traffic volumes (ADT) of the selected residential, commercial and industrial land use were 
approximately 4900, 11800 and 5100, respectively. Selecting different land uses enabled the 
development of a representative dataset to investigate pollutants build-up on road surfaces. Different 
land use types can produce different pollutant loads and species. For example, residential and 
commercial land use could generate higher nitrogen and phosphorus loads due to more vegetation 
while industrial land use could introduce higher solids because of more frequent loading-unloading 
activities and industrial processes [9, 10]. Fig. 1 shows the five road sites and the relevant study site 
information.  
 
2.2 Roof surface investigation 
The roof surface investigations were conducted using two model roof surfaces as shown in Fig. 2. The 
area of each of the two roof surfaces was 1.5 m × 2.0 m and an angle of 20° as specified by the roof 
material manufacturers. The model roofs were made from two different types of roofing materials; 
corrugated steel and concrete tiles. These are the most widely used roofing materials in South East 
Queensland, where the study sites were located [5]. The roof surfaces consisted of a scissor lift 
arrangement which permitted raising them to a typical single storey roofing height for pollutant build-
up and then lowered to ground level for sample collection. The experimental set-up is described in 
detail in Egodawatta [11]. The model roofs were installed in the residential area where two of the five 
road surface investigations were undertaken (see Fig. 1).  
 
 
2.3 Sample collection and laboratory testing 
A total of five build-up samples were collected from the five road surfaces from 1.5 m × 2.0 m plots 
using a dry and wet vacuum system. The validity of the collection methodology and the ability for 
collecting different particle sizes have been confirmed in previous research studies [12--14]. The 
antecedent dry periods for road build-up sample collections were 8 days for Armstrong Way 
(residential), 9 days for Stevens Street (industrial), 11 days for Lawrence Drive (commercial), 14 days 
for Drumbeat Place (residential) and seven days for Ceil Circuit (residential). The selection of a small 
plot area was to avoid the influence of physical factors which results from the heterogeneity of the 
surfaces and will consequently limit the transferability of research outcomes between different 
locations.  
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Residential land use 
 (Drumbeat Place)  
Detached family houses with small 
gardens, good road surface condition 
 
Residential land use  
(Ceil  Circuit)  
Detached family houses with small 
gardens, good road surface condition 
 
 
Residential land use (Armstrong Way)  
Detached family houses with small 
gardens, good road surface condition, 
reasonable slope for gravity flow of 
runoff. 
Model roof setup 
 
  
Figure 1 Study sites 
 
Industrial land use  
(Stevens Street)  
Paint, furniture, welding, and cement 
based industries, steep slope, poor road 
surface condition, fuel/lubricant spills. 
 
Commercial land use (Lawrence Drive)  
Vehicle service station, car parks, 
motorcycle dealership, grocery stores, 
good road surface condition, high traffic 
volume. 
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Figure 2 Model roofs in the field 
 
 
The roof build-up samples were collected using the two model roof surfaces by washing the surface 
with approximately 7 L of deionized water and using a soft brush at eight, six and six antecedent dry 
days. Using a soft brush after washing the roof surfaces was to ensure that all of the pollutants 
(including different sized particles) deposited are collected to enable the comparison of roof and road 
data. The runoff was collected in clean plastic containers using a typical roof gutter system. 
Consequently, a total of six roof build-up samples was collected from the two model roofs.  
 
The build-up samples for roads and roofs were tested for total solids (TS), total organic carbon (TOC), 
total nitrogen (TN) and total phosphorus (TP), as these are the primary stormwater pollutants [15, 16]. 
These pollutant parameters were determined for the total sample as well as for particle sizes fractions 
(sub-samples) of >300, 150--300, 75--150, 1--75 and <1 µm, which were separated using wet sieving 
and the filtrate was obtained using a 1 µm glass fibre filter. Accordingly, the data used in the research 
included total samples (six for roofs and five for roads) and sub-samples (30 for roofs and 25 for roads). 
The laboratory testing was based on Standard Methods for the Examination of Water and Wastewater 
[17]. Additionally, field blanks and laboratory blanks were included as part of the QA-QC (Quality 
assurance and Quality control) procedure, which encompassed the recommended practices for 
sampling, preservation, storage, transport and laboratory testing. 
 
2.4 Data analysis 
The data analysis used in the research study included univariate and multivariate analysis techniques. 
The univariate data analysis was to compare mean and standard deviation values of pollutants build-up 
on roofs and roads while multivariate analysis was to investigate their variability. PROMETHEE 
method was used for the multivariate analysis.  
 
In PROMETHEE, a ranking order is developed according to the net ranking flow, the φ values, for a 
number of objects on the basis of a range of criteria (variables). The φ values are calculated from a 
pairwise comparison of objects. GAIA is a PC1 vs. PC2 principal component biplot that provides 
visual complement to the PROMETHEE ranking and is useful in understanding the correlation between 
objects and variables. Detailed information regarding the PROMETHEE method is provided in the 
Supporting Information.  
Corrugated steel roof 
 
Concrete tile roof 
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3 Results and discussions 
3.1 Comparison of pollutant build-up loads on road and roof surfaces 
Pollutant build-up loads between road and roof surfaces were initially compared to derive a general 
understanding of the differences in build-up loads. TS loads for road and roof surfaces were 2819.20 
(mean of five road surfaces) and 318.60 mg/m2 (mean of two roof surfaces over three sampling 
episodes), respectively (see Table 1). It is evident that total solids build-up load per unit area are much 
higher on road surfaces than roof surfaces. However, in terms of other pollutant loads (TOC, TN and 
TP) attached to a unit mass of solids (mg/g, namely pollutant/solids ratio), roof surfaces show much 
higher values than the road surfaces (see TOC, TN and TP mean values in Table 1). This means that 
compared to road surfaces, pollutants are more highly concentrated on roof surfaces. This implies that 
pollutants accumulated on roof surfaces could pose a relatively higher risk in terms of the degradation 
of urban stormwater quality, than road surfaces.  
 
Table 1 Pollutants build-up loads on roof and road surfaces  
Surface type TS (mg/m2) Parameter 
TOC 
(mg/g) 
TN 
(mg/g) 
TP 
(mg/g) 
Roof 318.60* 
SD 86.69 16.25 8.50 
Mean 106.59 25.19 9.48 
Road 2819.20** 
SD 7.48 3.43 1.43 
Mean 26.66 6.45 4.55 
*Mean value of two roof surfaces over three sampling episodes     
**Mean value for five road surfaces               
SD, standard deviation 
 
The importance of this finding needs to be viewed in the context that the total area of roof surfaces is 
commonly higher than the total area of road surfaces in an urban area [11]. Consequently, there is 
potentially a higher pollutant export load resulting from roofs rather than roads in a given urban 
catchment. This merits the implementation of specific stormwater treatment strategies for roof runoff. 
Additionally, these observations imply that targeting particle removal should be more effective for roof 
stormwater treatment than roads due to the more concentrated nature of pollutants attached to 
particulates.  
Additionally, in terms of standard deviation values, pollutant/solids ratios were higher on the roofs than 
roads, particularly for TOC (the standard deviation value was 86.69 mg/g for roofs while the 
corresponding value was 7.48 mg/g for roads). This means that the variability of pollutant/solids ratios 
on the roofs is higher than roads. This is despite the fact that the two model roofs were placed together 
and experienced similar antecedent dry days (eight, six and six days) while the five road study sites 
were located at different land uses and experienced quite different antecedent dry days (eight, nine, 
eleven, fourteen and seven days). This highlights the highly variable nature of pollutants build-up 
characteristics on roofs from one day to another, compared to roads.  
 
3.2 Pollutant build-up loads attached to different particle sizes 
Particle size is a key parameter in relation to pollutants build-up as it significantly influences pollutant 
attachment to particle surfaces [18, 19]. Fig. 3 compares pollutant load percentages for the five particle 
size fractions for roof and road surfaces. It is evident that for both surface types, that almost 80% of the 
pollutant load is attached to particles <150 µm with a few exceptions. However, within the <150 µm 
particle size compartment, roof and road surfaces show different pollutant distribution patterns. For 
roof surfaces, the highest percentage of pollutants are in the <1 µm range with >40% of TOC, TN and 
TP, while in the case of road surfaces it is the 75--150 µm fraction (30.4% for TOC, 51.9% for TN and 
29.7% for TP). The second highest load is in the 75--150 µm fraction for roof surfaces and 1--75 µm 
fraction for road surfaces.     
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Figure 3 Pollutant load percentages on different particle size fraction 
(Note: The data is the mean values obtained for the five road surfaces and the two 
roof surfaces) 
These observations mean that pollutants build-up on roof surfaces is more highly concentrated in the 
finer particles when compared to roads. This could be due to the different pollutant sources of roof and 
road surfaces. Pollutants on roof surfaces are primarily sourced from atmospheric deposition while the 
contributions to road surfaces would be by the direct deposition of traffic generated solids and eroded 
particulates from surrounding soil in addition to atmospheric deposition. Therefore, pollutants built-up 
on roof surfaces could be more easily mobilized by stormwater runoff compared to pollutants on road 
surfaces since small particles do not require high kinetic energy to be washed-off [20]. This further 
confirms the relatively high risk posed by roof surfaces in terms of the degradation of stormwater 
quality. Even a relatively low intensity rainfall event could be capable of generating highly polluted 
runoff from roofs. This means that even small rainfall events should be considered when designing roof 
runoff treatment systems due to the highly mobile nature of pollutants build-up on roofs.  
 
3.3 Variability of pollutant build-up loads on roof and road surfaces 
In the analysis above, pollutant build-up loads on roof and road surfaces were analyzed based on 
pollutant/solids ratio and particle sizes. However, a comprehensive analysis of the variability of build-
up loads on roads and roofs can assist in understanding the resulting stormwater runoff characteristics 
such as the degree of variability of runoff quality. In this context, the coefficient of variation (CV) was 
determined for TSS, TOC, TN and TP, based on the five particle size ranges for roof and road surfaces. 
This was to translate their variability to comparable values. For example, the CV value for roads 
for >300 µm (labeled as >300 ROAD in Fig. 4) was obtained using the standard deviation value of the 
pollutant loads for >300 µm (five data points for five roads) and dividing by their mean value. The CV 
value for roofs for >300 µm (labeled as >300 ROOF in Fig. 4) was determined using the standard 
deviation value of the pollutant loads for >300 µm (six data points for two roofs from three sampling 
episodes) and dividing by the corresponding mean value. Therefore, the CV value for each particle size 
range for roof surfaces represent the variability in pollutants build-up on the two roof surfaces for the 
three sampling episodes (eight, six and six antecedent dry days) while CV values for each particle size 
range for road surfaces represent the variability in pollutants build-up for the five road surfaces (seven, 
eight, nine, eleven and fourteen antecedent dry days).  
 
The PROMETHEE method was used for the analysis. Five particle size ranges for roof and road 
surfaces (a total of 10, including five CV values for five particle size ranges on roof surfaces and five 
CV values for five particle size ranges on road surfaces) were taken as objects while the CV values for 
TSS, TOC, TN and TP were taken as variables.  
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
TS TOC TN TP TS TOC TN TP
<1
1-75
75-150
150-300
>300
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As shown in Fig. 4, objects are clustered into two groups based on roof and road surfaces rather than 
particle sizes. All the roof objects are projected on the positive PC1 axis where all pollutant CV value 
vectors are also projected while all road objects are located at the negative PC1 axis and opposite to 
CV value vectors. Additionally, the decision axis Pi also points to the direction of roof CV value 
vectors. This implies that pollutants build-up is more variable on roof surfaces than road surfaces, 
regardless of the particle sizes and pollutant species. This is also supported by the PROMETHEE 
ranking results (see Table 2). Based on CV values for all five particle size ranges, roof surfaces are 
ranked first.  
 
Table 2 PROMETHEE Ranking 
Object φ value Ranking 
150—75 µm ROOF 0.3098 1 
75—1 µm ROOF 0.2981 2 
<1 µm ROOF 0.1315 3 
>300 µm ROOF 0.0298 4 
300--150 µm ROOF --0.0177 5 
75--1 µm ROAD --0.0754 6 
300--150 µm ROAD --0.0755 7 
150--75 µm ROAD --0.1822 8 
>300 µm ROAD --0.206 9 
<1 µm ROAD --0.2124 10 
 
It is noteworthy that the two model roofs with different roofing materials were located at the same 
location and the three build-up sampling episodes were carried out for similar antecedent dry days 
(eight, six and six antecedent dry days). In the case of the five road sites, these were at different 
locations and the antecedent dry days were significantly different (seven, eight, nine, eleven and 
fourteen antecedent dry days). However, the pollutants build-up on roof surfaces still had higher 
variability than the road surfaces. This suggests that roof surfaces are more sensitive to influential 
climatic factors (such as wind turbulence) and surface characteristics (such as roughness and slope). 
Therefore it can be surmised that pollutants build-up on roofs is more variable from one day to another 
and this is independent of roof location and antecedent dry days. In other words, influential climatic 
factors (such as wind turbulence) and surface characteristics (such as roughness and slope) could have 
a more important influence on the variability.  
 
Furthermore, it can be noted from the PROMETHEE ranking that the top three ranked objects, 150--75, 
75--1 and <1 µm for roof surfaces have much higher φ values than the values for the larger particle size 
ranges on roof surfaces (150--300 and >300 µm) and all five particle size ranges on road surfaces. This 
indicates that the build-up of <150 µm particulates on roof surfaces are the most variable. Furthermore, 
as evident in the GAIA biplot, TN CV vector overlaps the <1 µm particle size object for roof surfaces, 
thus indicating their close co-relationship, while TSS, TOC and TP vectors are correlated with the 150-
-75 and 75--1 µm vectors based on the acute angles formed by these vectors. This means that TN build-
up on roof surfaces could be relatively more variable for the <1 µm particle size while TSS, TOC and 
TP build-up are relatively more variable in the 1--150 µm size range in the case of roof surfaces. This 
can be attributed to the fact that nitrogen is primarily transported by stormwater in dissolved form 
while other pollutants such as organic matter and phosphorus could be more commonly present in 
particulate form [21--23].   
 
The higher variability of pollutants built-up on roof surfaces from one day to another, particularly in 
the case of small particles, highlights the practical difficulties in effectively treating roof runoff, by 
adopting an ‘end-of-pipe’ approach. The use of a treatment strategy where stormwater runoff from 
roofs is treated individually would be a more efficient approach. Furthermore, due to the variable 
nature of pollutants build-up on roofs, undertaking the pre-treatment to stabilize the inflow pollutant 
concentration should be a feasible approach to improve roof stormwater treatment performance.  
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Figure 5 GAIA biplot for CV values (Δ=84.24%) 
 
4. Conclusions 
Roof surfaces are among the most common impervious surfaces in the urban environment. 
Additionally, with the increasing awareness that roof stormwater is increasingly seen as an alternative 
drinking water resource, understanding roof pollutants build-up characteristics is becoming even more 
important. The research study characterized roof pollutants build-up from the perspective of 
differentiating roof surfaces from road surfaces. This approach permitted a direct comparison of 
pollutants build-up on these two typical urban impervious surfaces and in turn highlighted the 
significance of roofs as a stormwater pollutant source and the essential need for appropriately treating 
roof stormwater runoff.  
 
The research outcomes confirmed that pollutants are more highly concentrated on particles in the case 
of roof surfaces, compared to road surfaces. Additionally, pollutants built-up on roof surfaces tend to 
be primarily attached to finer particles when compared to road surfaces. Furthermore, pollutants build-
up is more variable on roof surfaces from one day to another than road surfaces, particularly for small 
particles (such as <150 µm). These observations imply that a combined approach to treating 
stormwater runoff from both, roads and roofs may not be effective. A separate approach is needed for 
effectively treating roof stormwater based on its specific characteristics.    
 
The authors have declared no conflict of interest. 
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PROMETHEE Method 
PROMETHEE is an unsupervised method for rank-ordering objects [1]. In PROMETHEE, the ranking 
order for objects is developed according to the net outranking flow, the φ values, for a number of 
available objects on the basis of a range of criteria (variables). DecisionLab software was employed for 
the PROMETHEE analysis in this study [2].  
 
To calculate the φ values, each criterion must be provided with three conditions; a preference function, 
a preference order (maximize/minimize) and a weighting. The following steps show how to calculate 
the φ values between two actions ‘a’ and ‘b’ [1]. 
 
(1) Creating a difference matrix (dj) between a and b from raw data matrix: 
𝑑j = 𝑦j(𝑎) − 𝑦j(𝑏) (1) 
where yj(a) and yj(b) are the data points of objects a and b for criteria yj. 
 
(2) Defining the preference for a over b: 
A preference function P(a, b) is used to define the preference for a over b for each criterion. The 
following preference functions (Table S1) are available for the user to select depending on the 
characteristics of the criterion: 
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Table S1 Preference functions 
P, preference; X, difference; x1 = indifference threshold; x2 = preference threshold 
 
(3) Calculating the global preference index, π: 
π(𝑎, 𝑏) = ∑ 𝑊j × Pj(𝑎,𝑏)kj=1  (2) 
where Wj is the weight, which is set to 1 by default. However, it can be changed subjectively in case 
one criterion needs to be emphasized in the selection of objects.  
 
(4) Calculating the outranking flows: Positive outranking flow φ+(𝑎) = 1(𝑛−1)∑ π(𝑎, 𝑥)xЄA  (3) Negative outranking flow φ−(𝑎) = 1(𝑛−1)∑ π(𝑥, 𝑎)xЄA  (4) 
Positive outranking flow corresponds to how much object a is preferred over other objects, while 
negative outranking flow shows how much other objects are preferred relative to a.  
 
(5) Producing the partial ranking (Table S2) 
 
Preference function Shape of the graph Mathematical expression 
Linear 
 
𝑦(𝑥) = � 0       𝑥 < 𝑥1𝑚𝑥 + 𝑐      𝑥1 < 𝑥 < 𝑥21        𝑥 > 𝑥2 � 
 
V-shape 
.
 
𝑦(𝑥) = �𝑚𝑥   𝑥 < 𝑥11       𝑥 > 𝑥1� 
 
Level 
 
𝑦(𝑥) = � 0       𝑥 < 𝑥1 0.5   𝑥1 ≤ 𝑥 < 𝑥21       𝑥 ≥ 𝑥2 � 
 
 
U-shape 
 
𝑦(𝑥) = �0 𝑥 < 𝑥11 𝑥 ≥ 𝑥1� 
 
Usual 
 
𝑦(𝑥) = �0 𝑥 < 01 𝑥 ≥ 0� 
 
Gaussian 
 
𝑦(𝑥) = 𝑒𝑥1 + 𝑒𝑥 
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Table S2 Partial ranking rules 
Case Condition Result 
Case I 
If φ+(a) > φ+(b) and φ–(a) < φ–(b) 
or 
φ+(a) > φ+(b) and φ–(a) = φ–(b) 
or 
φ+(a) = φ+(b) and φ–(a) < φ-(b) 
a is preferred over b 
Case II If φ+(a) = φ+(b) and φ–(a) = φ–(b) a and b are equally preferred 
Case III In all other cases a and b are not comparable 
 
(6) Producing the complete ranking: 
Complete ranking is produced based on the net outranking flow, φ (a), calculated from the following 
equation: 
φ(𝑎) = φ+(𝑎) − φ−(𝑎) (5) 
 
Complete ranking eliminates the constraint in comparing a and b, even if they are directly not 
comparable (Case III in Step 5). However, the compromise may also reduce the reliability of the 
outcome. In addition, the φ values can be used to understand how far two objects are discriminated in 
PROMETHEE ranking. In the case where the difference between the φ values of two objects is >10% 
of the whole range, which is the difference between the maximum and minimum values in the data 
matrix for that particular criterion, they may be considered well-discriminated [3]. This is because an 
error >10% in the measurement is generally not acceptable. 
 
GAIA is a PC1 vs. PC2 principal component biplot that provides visual complement to the 
PROMETHEE ranking. The GAIA biplot is the result of principal component analysis of the data 
matrix constructed from the decomposition of the φ values. GAIA is also useful in understanding the 
correlation between objects and variables. The Pi axis in the GAIA biplot is the decision axis, which 
points in the direction of top-ranked object/s. The GAIA results were interpreted according to the 
guidelines presented by Espinasse et al. [4] for the interpretation of GAIA plots and summarized as 
follows. 
• An acute angle between two variable vectors indicates a positive relationship while an obtuse 
angle represents a negative relationship. Two variables forming orthogonal vectors are not 
correlated. 
• Objects projected in the direction of a particular variable are strongly related to that variable 
while the opposite objects are weakly related to that variable. 
• Dissimilar objects are scattered in the GAIA biplot while similar objects appear as clusters 
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